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PREFACE

This is the final report on the EMP coupling analysis of the H.M.S.

This analysis effort was performed for the Naval Surface Weapons

Center (NSWC) under Contract N60921-77-C-0185. The purpose of this effort was

to demonstrate the applicability of computer-aided analysis to the solution of

EMP coupling problems in ship systems.

NSWC conducted tests on the Sheffield under vertically-polarized EMPRESS

excitation for one angle of incidence. The test data will be compared by NSWC to

the analysis results. The analysis results only are presented in this report.

Hardening
Aerospace
was J. W,

Br. R. S.

This report has been prepared by the Systems Vulperability and
Branch of the Logistics Support and Services Division in the Boeing
Company. The Program Manager was D, E. Isbell; the Project Engineer
Schomer. The principal investigators were Dr. D. E. Young and

Carter.
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SECTION |
INTRODUCTION

This report contains the results of an electromagnetic pulse (EMP) coupling
analysis of the H.M.S. Sheffield, a British destroyer. Voltage and current
responses on selected ship's systems are calculated for a free-field excitation
of the Sheffield provided by the Navy's Electromagnetic Pulse Radiating Environment
Simufator for Ships (EMPRESS). These calculated responses will be compared to
measured data obtained by Naval Surface Weapons Center (NSWC) in the Sheffield
under actual EMPRESS radiated EMP fields. The EMPRESS excitation at the ship
location was a vertically-polarized, 2800 V/M peak electric field with an incident

angle of 629 off the bow 857, measured from the center line of the ship.

is OBJECTIVES

The basic objective of this program was to demonstrate the applicability
of the computer aided EMP analysis techniques, developed for analysis of aircraft,
to the problem of predicting EMP-induced responses on naval ship systems.

Specifically, the objectives were to:

a. Examine survey data obtained during an on-ship surveyv of the H.M.S.

Sheffield conducted in January 1977 (Contract No. N60921-77-M-1160).

b. Construct electromagnetic coupling models that relate an exernal
electromagnetic (EM) environment to the induced responses on selected antennas,

cables, and masts on the H.M.S. Sheffield.
¢. Produce transfer functions from the models.

d. Calculate induced voltages and currents on the selected items using the

measured source field of the EMPRESS at the H.M.S. Sheffield's location.

The selected items for which predictions were made in this program are

identified in Figure 1. The following responses were calculated:
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a. Aft mast surface current distrisution on each of the four sides at
heights of 1, 5 and 9 meters and the total currents on each of the five

horizontal yardarms.

b. 4.5-inch gun mount whip anterna bulk cable current at three points

inside the gun mount.
c. UK/SRA-102 antenna bulk cable currents.

d. Short circuit current at the base of the foremast wire MF receive

antenna (starboard).
e. Foremast surface current distribution at heights of 1, 5 and 9 meters.

f. Open circuit voltage and short circuit current at the base of the

HF transmitting whip (port).

g. Open circuit voltage and short circuit current at the base of the LORAN

receiver whip (starboard).

h. Open circuit voltage, short circuit current, and matched load current

at the MCO for the ACH Astro VHF antenna.

i. Matched load current and voltage in the MCO for the UK/SRA-101 antennas
(port and starboard). '

j+ Current on cables in the operations room.
2, BACKGROUND
The purpose of this program was to make predictions of voltage and current

levels induced at various locations on the H.M.S. Sheffield by the electric and

magnetic fields produced by the EMPRESS simulated EMP environment. A brief

TIPS PSS
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description of the Navy's EMPRESS facility and its electric field measured at

the ship's location is given in Appendix A. The ship was subjected to the EMPRESS
fields during a test conducted by the Naval Surface Weapons Center between
September 16-25, 1977. The predictions were made by using a wire grid modeling
computer code which was developed several years ago at the Boeing Aerospace
Company, Seattle, Washington, and has been used on many previous aircraft programs.
Examples include the B-1, F=111, 747, and YC-14. It was also used to predict
EMPRESS-induced responses on the U.S.S. Valcour in 1975. This wire grid modeling

technique is based on a method of moments solution for induced currents on the

wire grid model and is described further in Section Il.1.
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SECTION 11
TECHNICAL APPROACH

Prior to commencement of the modeling activity, the physical descriptions
of the Sheffield and its antennas were examined in detail. Included in this were
ship's drawings and the data collected by a Boeing survey crew in January 1977,
The survey data consist of notes and sketches of the antennas and cables plus
more than 100 photographs taken onboard the ship. Discussions with the survey
crew were also held at the beginning of this program to clarify details on antenna
connectivity., The documentation on the vertical EMPRESS field, provided by
NSWC, was also reviewed since the final time domain and frequency domain
predictions are to be made for the EMPRESS environment to facilitate comparisons

with test data.

The analytical models were kept as simple as possible. Minor scatterers
such as most of the HF wire antennas and upper deck structure were not included.
Similarly, cross coupling to other cables was ignored except through a generalized
loss term. These secondary effects are expected to be small and, in general,
will tend to give more loss than the simple models predict. When simplifying
the models, it was always done in a manner which gave maximum coupling, neqlecting
shadowing, for example. Therefore, when comparing the analytical predictions with

the test data, the analytical results are expected to be over estimates.
| MODEL ING METHODS

All of the models presented in this report are frequency domain transfer
functions. The transfer functions are ratios of the voltage, current, or
surface current response to an incident plane wave electric field with unit
amplitude. The response spectrums were obtained by multiplying the transfer
functions by the EMPRESS incident spectrum. A numerical inverse Fourier trans-

form was then used to obtain the time domain responses.

The EMPRESS spectrum as displayed in Appendix A is the sum of a direct
incident field plus a water reflected field. Since the reflection angle is near

the horizon, the reflected field is nearly identical to the incident field.

13
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Therefore, the incident field is half of the measured EMPRESS field. Most of the
models developed on this task include a ground plane either at water level or at
an upper deck level so that the fields in the absence of any scattering object

have direct and reflected plane waves which represent the EMPRESS field.

The transfer functions of response (voltage or current) to incident electric
field were generated by the computer code WIRANT [1]. This code solves for the
currents on wire segments induced by an incident field. The method of moments

[2] is used to reduce the solution to a simple matrix equation of the form

Zl =V (1)

where | is the current matrix, V is the excitation matrix, and Z is a generalized
impedan_e matrix. The current is expanded as a series of pulse functions
(constant current on each wire segment). Good results are usually obtained if

the segment lengths are less than one sixth of a wavelength.

A wire grid model of the H.M.S. Sheffield could be constructed which
included all antennas, masts, cables, etc., for which an analysis was required.
All important structures would be included in the model to account properly
for the scattered fields. |f this model were to be valid up to 50 MHz, each
segment length should be less than |1 meter. Hence, it would require many
segments of this length to construct this wire grid model of the entire ship.
However, practical considerations (computer run time and central memory) dictate
that the total number of wire segments be less than 160 segments for a CDC 6500

computer.

The modeling of the Sheffield, therefore, consists of several submodels,
each with a restricted frequency range. The upper frequency of each model is deter-
mined by the segment length and the one-sixth wavelength constraint. The lower
frequency limit of a particular model is dependent upon the number of segments
which limits the physical extent of the Sheffield that can be modeled. A
discussion of two of the submodels of the Sheffield will help in clarifying

these restrictions,

14
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The lowest frequency model must include the entire length of the ship if
the dominant ship resonance is to be included. |If 100 segments are used, the
nominal segment length is about 15 meters. This implies an upper frequency of
3.3 MHz. The lower frequency limit is zero since the entire ship is included.

This model is described in more detail in the next section.

A higher frequency model of the ship which is valid up to 15 MHz would
require segment lengths less than 3.33 meters. With 160 segments each 3.33 meters
long, one is limited to modeling the fore and aft masts, the HF antennas, and
some of the upper deck structures. Therefore, this submodel does not contain
the fundamental ship resonance but would contain the first several resonances

of the masts and antennas.

Using the above two models, the first several ship and mast resonances
can be obtained. The higher order ship resonances were not included but are
not expected to be significant. A discussion of the merging of the two solutions

will be presented later.

The modeling of individual substructures may require one or more submodels

depending upon their physical size. Usually, an asymptotic solution such

as physical optics or the infinite wire current can be used to extend a wire
grid model up to the upper limit of the incident field spectrum. The main mast
surface current, for example, should approach the physical optics solution when

the mast becomes more than 2 wavelengths long.

2. LOW FREQUENCY MODEL

The low frequency wire grid model of the H.M.S. Sheffield is shown in
Figure 2. The ship was oriented with the stern at the coordinate system origin
extending in length along the X axis. The ship's structure was divided into
many segments where each of the segments was a metal cylinder upon which the

induced currents flow. The model has 91 segments and 60 junctions. The radius

electrically equivalent to the ship's surface area which it represents. Since

! l 5

:
g
?
5 of each segment was chosen so that the total area of the cylinder's surface was
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this model was used only for the low-frequency analysis, only the major elements
of the ship's structure were included. The incident electromagnetic field is
shown in the coordinate system. The polar angle O is measured from the Z axis,
the azimuth angle ; is measured from the ¥ axis in the X-Y plane

and the polarization angle 1 is the angle which the electric field makes with
the 8 unit vector in the 6 - ; plane. Hence, vertical polarization has 1 = n°

and horizontal polarization t = 900.

The low frequency model was to determine the currents and fields for
frequencies near the fundamental resonance of the ship. The length of the ship
is 125 meters and the resonant frequency is 2.5 MHz (full wave) whereas the
first half-wave resonance is at 1.2 MHz. Thus, segment lengths were chosen so
that the model would be valid up to frequencies near 3 MHz. The maximum segment
length is given by the condition that the current in the segment be essentially
constant. As mentioned previously, this was obtained when the length ¢ of the
segment is & < XA/6 where X is the wavelength of interest. This corresponds to
a length of 16.7 meters. This condition was satisfied for all the seaments except
several of the long horizontal segments which were 27.4 meters. Hence, currents in
these segments may not be constant as the frequency nears 3 MHz. Currents in
these long segments were monitored closely to determine if the model was breaking
down as the frequency was increased. Thus, by using the low- frequency model
up to frequencies near 3 MHz, the currents produced near the ship's fundamental
resonances were found. Two other considerations enhance the quality of this
model. First, the '"fatness' of the ship reduces the resonant frequency and
second, the excitation of the ship was in the vertical mode. The segments in
the vertical direction were short compared to the resonant wavelength so that

the constant current assumption was satisfied.

The model considers the sea water to be a good conductor at the frequencies
of analysis and represents the sea water as a perfectly conducting ground plane.
That this is valid can be seen by calculating the frequency for which the

conductivity condition is satisfied,

Slc t >>1, (@
(8]

17
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For sea water, 0 = 4 mhos/m and cr = 81 so that the sea water is a good conductor
8

for f << 8.9 x 10 Hz. This condition was satisfied for all frequencies of

interest in this analysis.

In order to determine the transfer function for the low frequency model
(LFM), the model was excited by a unit amplitude plane wave for frequencies
between 0.1 MHz and 4.0 MHz. The real and imaginary parts of the current have
been plotted for several selected segments in Figures 3 through 5. Figure 3 shows
the real and imaginery parts of the current transfer function 2.4 meters up the
main or aft mast. The resonance associated with the length of the mast can be
seen at 2.8 MHz. The influence of the ship's structure broadens the resonance. Due
to restrictions on the maximum frequency for which the LFM is accurate, currents
above 3 MHz should be viewed with caution (the current was set to zero at 4.2
MHz). It is significant to note that no resonances associated with the ship's
length are seen in the mast current. The ship's resonance is near 1 MHz. This
is not unexpected since the mast is perpendicular to any currents which may have
been associated with the ship's resonance. The currents in the gunwales
are shown in Figures 4 and 5 in order to check further for the ship's
resonance. Segment 4 is located amidships and segment 8 in the bow. Currents
in neither segment exhibit the ship's resonance. This indicates that the
vertical excitation of the ship does not have any appreciable coupling to the
horizontal modes of the ship, or that the horizontal modes are shorted out by
the sea water when they reach the bow and stern. A resonance probably associated
with the aft mast is present near 2.4 MHz, but no low~frequency resonances are

present.,

The interaction between the aft and foremasts is shown in Figure 6. The
current on the foremast has a strong dip in the real and imaginary parts near
the resonance frequency of the aft mast. This coupling was expected because of
the proximity of the masts. The influence of the foremast upon the main mast

current is not as strong because the aft mast current is larger near the

resonance.
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3. MID-FREQUENCY MODEL

A mid-frequency model (MFM) of the Sheffield was constructed to extend the
analysis from 3 MHz to 15 MHz. In addition to extending the frequency range, the
model must include the aft and foremasts in order that mast current densities

can be calculated.

In constructing the MFM, advantage was taken of the fact that the scattered

fields are only important for positions within one wavelength of the scattering
object. This greatly reduces the amount of the structure that need be included
in the model. The items which were analyzed that are near the foremast were the
wire MF receive antenna, the LORAN receiver whip, and the foremast surface
currents. Nearby structure includes the radar, several HF whips, 909 director,
smoke stack, and HF transmit antenna. Items studied which are near the aft
mast are the ACH Astro VHF antenna, the HF transmitting whip, the UK/SRA-102
antenna cable, and the aft mast surface currents. Important structure near

the aft mast includes the 909 director, smoke stack, and several antennas.
Hence, by considering only those structures whose scattered fields interact
significantly with the subject antennas and masts, the structures required for

the mid-frequency model were limited.

With the above points in mind, the ground plane for the mid-frequency model
was established as shown in Figure 7. The ground reference plane follows the fore
top deck and then drops down to include the smoke stack and aft mast and
finally goes up to model the director. In the wire grid model, these steps
were not included because their lengths were small compared to the wavelengths
of interest in the mid-frequency model. The wire grid model for the mid-frequency
region is shown in Figure 8. As discussed above, the model only included that

structure which was nearby those items analyzed.

The mid-frequency model was oriented the same way as the low frequency
model with the stern at the coordinate system origin extending in length along

the X-axis. The model had 126 segments and 87 junctions. The currents
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calculated for this model were merged with those found in the low-frequency model

ot

to extend the frequency range from 0.1 to 15 MHz. Currents on the masts were

compared in the frequency overlap region to assure that the models were compatible,

k., MERGING OF MODELS 3

The low=frequency model (LFM) was used for frequencies up to about 3 MHz
at which point the segment lengths approach the 1/6 wavelength restriction. The
mid=frequency model (MFM) extends the frequency up to near 15 MHz. Hence, near
3 MHz the LFM and MFM must be merged. The structures which have significant
length with respect to the ship are the aft and foremasts; i.e., those structures
for which we expect the MFM "ground plane'' to be least representative of the
ground plane produced by the ship's structure. In order to correct for this
inaccuracy, L, R, C elements were added to these masts in the MFM. Hence, the
ship can be thought of as an element which loads these masts. The circuit by
which cach base segment of the MFM aft mast was loaded was a series L, R, C
circuit placed in parallel with the base segment. The initial values for t, R, C
were estimated by comparing the LFM and MFM transfer functions for the aft
mast. These values were adjusted until agreement between the two models was
found. The aft mast transfer functions for the current at the base are compared
in Figure 9 (LFM) and Figure 10 (MFM). The low-frequency current is capacitive
and increases as jw, both the models exhibit this behavior. As the frequency
increases, the real part of the current increases as mz peaking at the resonance
frequency where the imaginary part of the current is zero. Both models resonant
at about 3 MHz showing analogous responses below 3 MHz. These aft mast models
were merged by using a weighted average between 2 and 4 MHz. Comparing the
transfer functions for the foremast in Figures 11 (LFM) and 12 (MFM), the
capacitive current is dominant at low frequency but the LFM shows a significant
interaction between the aft mast scattered field and the foremast as evidenced by
the dip in the foremast current near 3 MHz. Since the MFM doesn’t have this
behavior, one must assume that the structures between the masts shield them in
the MFM and that there is significant coupling between the masts via the ship's
upper deck. The LFM probably has too much mast coupling and the MFM too little.

These models were merged by using a weighted average between 2 and 4 MHz.
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R Se H1GH-FREQUENCY MODELS

As the frequency of the analysis is increased, the effect of nearby
scattering objects on the subject structure becomes minimal. The high-frequency
z antenna or cable models calculate the interaction of the structure with only the

: “T i incident field (over a ground plane) excitation.

These individual models extend the analysis from 15 MHz to 100 MHz. The
HFM is merged with the MFM between 12 and 15 MHz. The extent to which these

models merge is a verification of the HFM.
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SECTION 111
COUPLING ANALYSES AND RESULTS

The analysis and predicted results of the individual models are presented
in this section. The time domain results were all obtained by multiplying the
model transfer functions by the EMPRESS spectrum and then numerically performing
the inverse Fourier transform. Before performing the inverse transform, the
spacial origin was shifted to the prediction point so that the response would
start at zero time. The quality of the inverse transform was examined by
computing the response for up to 200 nanoseconds before time zero. |f the
transfer function is causal and adequately sampled in the frequency domain,
then the negative time response should be zero. Nonzero results are generally
due to eithe: insufficient sampling or the merging of two solutions over a
frequency band in which the two solutions are quite different. For all of the
models of this section, the numerical ''noise'' for negative time was well below
the positive time results. Insufficient sampling, when it occurred, was

corrected by adding more frequencies where the spectral resolution was poor.

le AFT MAST

The aft mast of the Sheffield is a rectangular cylinder (see Figure 13)
which for vertical electric field excitation is the dominant ship structure.

The aft mast has five horizontal yardarms which are designated in this report

as the two upper yardarms, the two middle yardarms and the lower yardarm which
has the ACH Astro VHF antenna. Surface current densities on the mast and

currents on each of the five yardarms were computed.
a. Surface current density, analysis method.

The electromagnetic response of the aft mast is basically the response

of a monopole. A circular monopole excited by a parallel electric field has two

basic modes; the common mode or dipole current and the differential mode or loop

type of current density. The dipole current density is the usual mode associated
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with a dipole antenna and is uniformly distributed around the circumference. At

the antenna surface the magnetic field that this dipole current,

I, produces is
given by

j3%)

LS (3)

The differential modes are those modes which have ¢ variation about the
circumference. These modes are nearly the same as the differential modes on an
infinite cylinder which has an axial current density given by [3]

(S5

n _jne

3 A e

mTKa

J =

i (4)
n=-0 Hn(z)(Ka)

Equation (4) can be rewritten as

" o
" HIF\C

2 N Z cosnd
TKa HO(Z)(Ka) L n=| jan . (Ka)

The first term of equation (5) is the common mode (uniform ¢ variation) and
is considerably different from the dipole common mode which is length dependent.
For small Ka, the dominant differential mode term is the n=1 or cos¢ term.
The total current density on a dipole surface for small Ka is, therefore,

| inc
J Aere 2 H cosdh

2 (6)

In the formulation of equation (4), the field is incident at ¢ = 180° so
that the differential mode current density is positive (upward) on the illuminated

side and negative (downward) on the shadow side like in a loop response.
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B The aft mast surface current density of the low-frequency Sheffield model |

(Figure 2) is approximately given by equation (6). For the mid-frequency model |
(Figure 8) the mast is gridded as a triangular cylinder so that the common mode

current is computed by summing the three vertical segments. Equation (6) is only

approximate for the two Sheffield models because there are other ship structures

which contribute to the total scattered field.

The general approach to include the other structures is to compute the

scattered field by the vector potential, i.e.,

H=V x A (7a)
— -jkR
=~ T(r')e ?
K= hf R ds. (7b)
5 where | is the current distribution on the wire model. Depending upon the com=-

] plexity of the wire model, the differential modes may or may not be included.

| The aft mast of the low-frequency Sheffield model, for example, is a simple wire
| segment and, therefore, has only a common mode current, the current in the wire.
é The aft mast of the mid-frequency model, however, is a triangular cylinder and
exhibits the differential current flow through the three vertical wire segments.
Differential mode currents of approximately equal amplitude flow up the two
vertical segments on the illuminated side, and the sum of these two currents

flow down the segment on the shadow side.

The potential mast surface current densities were computed by using the

vector potential. For the special case of sinusoidal currents, the scattered

fields can be computed in closed form [4]. A computer program which takes
advantage of this special case was used. The program expands the current

(computed by the WIRANT code) over each half-segment as a sinusoid by using
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the current at the midsection and the charge at the end of the segment. Ffor the
low=frequency model, the differential mode on the mast was added to complete the
solution. The mid-frequency model contains the mast differential mode, but the
observation point which represents the mast surface must be carefully chosen.

If the observation point is too close to one of the wire segments, the fields
are overestimated. The observation point, therefore, was selected so that the
integration over the vertical mast segments gave a result equal to that of

equation (6) -

The total spectrum was obtained by merging the low and mid-frequency
solutions between 2 and 4 megahertz and by merging the mid-frequency solution

with the infinite cylinder solution (equation (4)) between 12 and 15 megahertz.
b. Aft mast surface current density predictions.

The aft mast surface current densities are presented in Figures 14
through 25 at mast heights of 1, 5, and 9 meters. At each height the current
density is shown for each of the four sides of the mast. Each of the responses

are quite similar, having a 2.8 MHz damped sinusoid response associated with

the mast resonance. The differential mode, which is proportional to the incident

field, causes the slight response variations on the four sides. On the
illuminated side (port), for example, the early time current density follows
the initial pulse of the EMPRESS field. For the shadow side (starboard) the
reversal in sign of the differential mode (2 Hinc) nearly cancels the monopole

response at early time so that the combined rise time is increased. The peak

values at the 12 locations vary from 12 to 26 ‘amperes=-per-meter.

The nonzero responses of the current densities, which have a low-
frequency behaviour, indicate that the merging between the low and mid=frequency
solutions was not perfect. Better results probably would be obtained by having
a Jow=frequency model which would be valid up to 5 megahertz in order that the

merging could take place above the 2.8 megahertz resonance.
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Figure 15 Time and Frequency Domain of Longitudinal Current Density
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¢. Yardarm analysis method.

The upper and middle yardarms consist of a horizontal arm and two
slanted support struts. Currents on the yardarms are induced by two modes,
the dipole mode (associated with the length) and the loop mode (associated with
the area between the horizontal arm and the supports). The original modeling
concept was to consider each yardarm separately driven by the aft mast surface
current and normal electric field as computed from the low and mid-frequency
Sheffield models. The yardarms, however, are physically close to each other
so that it was decided to include their mutual coupling by griding the aft mast
and yardarms as illustrated in Figure 26. This model is valid up to 30 megahertz.
The upper and middle yardarm currents are predicted by observing the current in
the appropriate segment of the model. The model automatically picks up the
dipole and loop response. The lower yardarm also has a slanted support which
is too small to conveniently be included in the model. The support forms a small
loop with the horizontal arm and the loop is driven by the mast surface current.
This loop response was added to the lower yardarm current of the wire model.
The lower yardarm also contains a simple model of the ACH Astro VHF antenna

which is discussed in Section 111.8.

d. Yardarm results.

The transfer functions of the port and starboard upper yardarm currents
are shown in Figures 27 and 28. The upper yardarms currents are seen to respond
to the aft mast resonance at 3.2 megahertz (this model was not loaded at the
base as the mid-frequency Sheffield model was and, therefore, the mast resonance
is at a higher frequency). The strongest resonance is at 10.5 megahertz which
appears to be a combined upper-middle-lower yardarm resonance since it appears in
all of the yardarm responses but only weakly in the lower segments of the mast.

The upper yardarm resonance is at 13.3 megahertz, and the 21.5 megahertz resonance

is possibly a harmonic of the 10.5 megahertz resonance.
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Figure 26 Aft Mast Model with Yardarms and ACH Astro Antenna
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The time and spectral responses of the upper yardarms are shown in
Figures 29 and 30. The dominant response is at 10.5 megahertz with peak values
of 8.6 and 10.5 amperes. There is a slight Gibb's phenomena at time zero due to
the assumption that the current is constant above 28 megahertz. The middle
yardarm transfer functions are shown in Figures 31 and 32. They show strong
coupling to the mast resonance plus an added resonance at 7 megahertz which is
due to the aft HF antenna wire support. Since the middle yardarms act primarily
as loops, their time and spectral responses (Figures 33 and 34) are almost
identical to the aft mast surface current densities. That is, Figure 33 compares
with Figure 24 and Figure 34 compares with Figure 21. There is a polarity
difference due to the arbitrary choice of positive current flow. The peaks are

11 and 10.8 amperes.

T

The lower yardarm current is dominated by the 10.5 megahertz resonance
(see Figure 35) and to a lesser degree by the upper yardarm (13.3 megahertz) and
its own resonance (18 megahertz). The time and spectral responses; shown in

Figure 36, are predominantly at 10.5 megahertz with a peak value of 10.5 amperes.
2s 4,5-INCH GUN MOUNT WHIP ANTENNA CABLE

The housing for the 4.5-inch gun mount, which lies ahead of the super-
structure on the main deck, is made primarily of fiberglass. It contains a
large number of cables, including a coaxial antenna feeder cable that leads to
the base of a short whip antenna on the top of the turret. However, during
the analysis and test the antenna was not attached. The bulk (common mode) current
was predicted at three points along the cable inside the gun mount: at the antenna

base, at the center of the run, and at the exit point from the gun mount.

A wire grid model of the antenna cable and some of the nearby structure
over a ground plane was constructed (Figure 37). The antenna cable runs up the
side of the turret (segments | through 6) and returns to ground by a metal straﬁ
(segments 7 through 13). The cable then runs from the gun mount to the operations

room 33.5 meters distant. Thie cable run was treated as a shorted transmission line
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over a ground plane and included in the base segment as a load. The model also
included a large loaded cable bundle (segments 14 through 26) and the 4.5-inch gun
(segments 27-41). The EMPRESS field is incident upon the gun mount with § = 85°,
¢ = 62°, and ¢ = 180°. The gun mount lies far enough ahead of the superstructure
that scattered fields can be neglected and only the incident plane wave field need

be considered.

The antenna cable is routed together with a large number of cables in its
run from the gun mount to the operations room. These other cables form a ''ground
plane' with respect to the antenna cable which is considered as a transmission
line over this ground plane. The loading of the model to represent the trans-
mission line from the gun mount to the operations room was done by adding an
impedance ZC to the self~impedance term for the cable base segment. When the
antenna cable is grounded in the operations room, the transmission line impedance
is ZC = Zo tanh yL, where Zo is the characteristic impedance, Y is the propagation
constant, and L is the length of the cable. Values for the characteristic
impedance and propagation constant were obtained from an empirical study of
electronic subsystems [5]. The propagation constant is written in the standard

complex frequency form

Y=a+jB (8)

where q = %il- KE; + ngéi{E: (9)
- B [ 5 =

galit v (10)

f and f is the frequency, c the speed of light, € the relative dielectric constant.

| The first term in the loss factor @ is due to internal wire resistance and the
second term is based on empirical observation. Since the volume between the

' cables contains a combination of dielectric material and free space, the dielectric

constant was set to 2.3. Measurements indicate that a resonable value for Zo

is 30 ohms [5].
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The antenna bulk cable current was predicted at three locations inside the
gun mount; 0.38 meters, 1.70 meters, and 2.95 meters up from the floor. The
frequency and time domain responses are shown in Figures 38 through 40, The bulk
current nearest the floor (0.38 meters) is dominated by the quarterwave resonance
of the antenna cable at 19 MHz. The transmission line resonances at lower fre-
quencies are seen to modulate the time domain slightly. The peak bulk current is

9.5 A. As one moves up the cable, the peak bulk cable current decreases to 7.5 A

at 1.70 meters up. The quarterwave resonance at 19 MHz still stands out along with

the low-frequency modulation. It is expected that the current decreases as the
prediction point moves up the cable since the quarterwave resonance current should
approach zero at the top. As the quarterwave resonance current decreases, the
current associated with the transmission line at 2 MHz remains constant. This is
evident in Figure 40 at a location of 2.95 meters from the floor where the bulk

cable current rings at 19 MHz but the low-frequency component is significant.

The bulk current measurements were made along the cable with a Singer
91550~2 current probe. The transfer impedance for this probe is very near one
over the frequency range 0.1 to 50 MHz. Therefore, the analytical predictions

have not been corrected since the change is small.

It is expected that the currents predicted in this model will be larger
than those measured. This is because the model can only approximate the large
amount of structure surrounding the antenna cable. This additional structure will
shadow the cable and load it and hence decrease the current and the resonant
frequency. The large cable bundle into which the antenna cable feeds would
also introduce a more compiex loading than that used in the model. These
corrections could be put into a more complex model but were beyond the scope

of the effort intended for this program.
3. UK/SRA-102 ANTENNA CABLE CURRENT

Four SRA-102 antennas are located on the upper yardarms of the aft mast
as illustrated in Figure 41 and as shown in the photograph of Figure 13. The

coaxial cables to each antenna are laced to the upper yardarms, enter the mast,
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and are routed down the interior of the mast as illystrated in Figure 4],
Bulk cable currents on the outer braid of the coax were measured at the
locations shown in Figure 41. Analysis of only one of the four cables

was required by the work statement. The selected cable is one which connects

to an antenna on the port yardarm.

The exact length of the cable from the mast entry point to its final
destination in the V/UHF office was not measured but is estimated, from ship
cable routing diagrams, to be about 6] meters. The characteristic impedance
Zc’ of the cable with respect to the interior mast wall is estimated to be 40

ohms. The propagation coefficient, y, is assumed to be

_0.1 [TF L 0.35F . 2nf

L0 J ()
220\ 10 3500 3x100

The first two terms of equatior (11) are based upon empirical data of
aircraft cable runs having many branches. The third term is the usual free
space propagation factor. The coaxial cable is most likely shorted to the
equipment in the V/UHF office so that the impedance at the mast entry point,

ZB' looking towards the mast interior, is

Zg = Z, tanh YL (12)
The impedance at this point is driven by the current picked up on the external

portion of the cable.

The drive of the external cable can be represented as a Norton source;
i.e., a short circuit current and a parallel impedance. The short circuit
current of the external cable is estimated to be about 0.3 times the computed
total yardarm current. That is, if both antenna cables on the port yardarm were
shorted to the mast at the mast entry point, the total yardarm current woyld
divide among the two cables and the yardarm. The estimate that 3/10 of the

current flows in one cable is probably high.
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The source impedance, ZA’ of the external cable is essentially the
impedance of the transmission line formed by the cable and the yardarm. The

cable at the antenna end is believed to be grounded to the yardarm so that

the impedance at the mast entry point looking out towards the antenna is

Zy = 2y tanh y'd (13)

Based upon physical observation, the characteristic impedance, Zo’ is estimated

to be 33 ohms and the length d, 4.22 meters. The propagation coefficient, y',

S ysa—

was estimated as

01 / F 0.11f . 2nf
§r- il . SR (14)
ZZo v/};;: 3x10 3xl;§

A A A 0 S

This is the same propagation coefficient as for the interior cable except that
the second term is smaller since there is no cable branching. The first and

second terms were chosen to be equal at 17 megahertz, the external cable resonance.

Based upon the above Norton equivalent circuit parameters the cable current

at the mast entry point, IE’ is

e = o (15)

The current at any other location, x, along the cable is given by the transmission

line equation for a cable shorted at one end; namely,

coshy (L-x)

- MDA AL, 7 B A
H(x) 'E coshyl (16)
: where x is equal to zero at the mast entry point.

The time and spectral responses of the cable current at the mast entry
point are shown in Figure 42, The responses are almost identical to the port
upper yardarm current (Figure 29) except with a reduction in magnitude. The

peak time domain response is 1.8 amperes. The responses further down the cahle
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(Figures 43 through 45) change only slightly. The high frequencies are
attenuated more as a function of distance so that by 8.5 meters (Figure 46)

the peak time domain response has dropped to 1.55 amperes.
L. FOREMAST WIRE MF RECEIVE ANTENNA

The foremast receive antenna is located at frame 26 starboard. The antenna
is 10.75 meters long and runs from the foremast yardarm to a high voltage standoff
at the base. It is required to predict the short circuit current at the base of

the antenna.

A high-frequency wire grid model of just the antenna was constructed for
the interaction of the antenna with the incident fieid (no scattered fields).
This model consisted of 21 linearly connected wire grid segments each of length
1/2 meter over a ground plane. The transfer function for the real and imaginary
parts of the base segment current for the high-frequency model is shown in Fiqure
47. The current is capacitive at low frequency with a resonance near 7 MHz. This
is the quarterwave resonance of the antenna at which the current at the base is
maximal. Other higher order resonances are seen but they are reduced considerably

in amplitude.

The mid-frequency model (see Section 11.3) includes the foremast wire
receive antenna as shown in Figure 8. The transfer functions for the real and
imaginary parts of the base segment current are shown in Figure 48. The field
which excites the antenna in the MFM is the superposition of the incident and
scattered fields. The structure near the antenna loads the antenna by increasing
antenna capacitance and mutual inductance. This loading decreases the antenna
resonance frequency and the scattered field changes the magnitude and phase of
the current with respect to the incident field. Hence, the transfer function
of Figure U8 has a resonance near 6.5 MHz and the scattered field interaction
is evident driving the real part negative near resonance. This dip in the trans-
fer function is due to the interaction of the antenna with the port foremast

antenna. The port antenna was shorted at its base whereas if it were loaded,
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the interaction would be weaker. These transfer functions for the mid-frequency

b oot ool Mo oonfhi e e

and high-frequency models were merged between 12 to 15 MHz. By comparing the
amplitudes, it is clear that the quarterwave resonance near 6.5 MHz dominates
the transfer function; however, the higher order resonances were included for
completeness. The transfer function is completed when the LFM contribution is
included. The LFM foremast transfer function was found by first calculating the
electric field at those positions in the LFM (see Fiqure 2) occupied by the
foremast antenna. This electric field was then integrated along the length of
the antenna to give the open circuit voltage at the base. The antenna impedance

was derived from the MFM calculations which extended down to 0.5 MHz. Consequently,

the LFM transfer function for the short circuit current is given by I(f) = V(f)/Z(f).
This transfer function was merged with the MFM between 2 and 4 MHz. The foremast
receive antenna transfer function over the entire frequency domain was obtained

from these three models and appropriate merging.

f The short circuit current at the antenna base was determined by multiplying
the transfer function by the EMPRESS spectrum. The time and frequency domain

: responses are shown in Figure 49, The quarterwave resonance at 6.5 MHz dominates

i the spectrum with the next resonance peaking near 20 MHz. The current initially

follows the incident electric field until the reflected current arrives at the

base and the antenna current oscillates at the quarter wavelength resonant

frequency peaking at 17 A. The small ripples on the early time waveform are

caused by the three-quarter wavelength resonance at near 20 MHz., £ The structure

surrounding the antenna creates a cavity effect which accounts for the high Q of

the current.

!
H * 4 q
i The open circuit voltage at the base of the antenna was predicted and the

frequency and time domain results are shown in Figqure 50, The open circuit

i voltage was calculated by forming the product of the short circuit current and

antenna impedance at each frequency, Voc (f) = lsc(f) X Za(f). The antenna

1 Thevenin impedance was found as part of the WIRANT program. The open circuit
voltage response follows the incident field excitation with the half-wave antenna

resonance at 13 MHz superimposed as a ringing. The peak open circuit voltage is
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/o4 KV and nonlinear efifects which might limit this voltage have not been included
in the model. The effect of measurement probe capacitance is small (see Section

11.6), and the results were not modified to include probe effects.

B FOREMAST SURFACE CURRENT DENSITY

The foremast is nearly a circular cylinder except at its base as shown
in the photograph of Figure 51, The mast was modeled in the low-frequency
Shetfield model as simple wire segments and as a trianqular cylinder in the
vid=trequency Sheffield model. The analysis is the same as for the aft mast

which is discussed in Section lI1.1.

The axial surface current was predicted on the port side at heights of 1,
5, and 9 meters. The time and spectral responses are shown in Figures 52, 63,
and 54, The foremast resonance is at 3.8 MHz, and the 2.8 MHz aft mast
resonance is also predominant. The peak response is lowest (27 amperes/
meter) at the one meter height since the base of the foremast fans out and has
a circumference of 8.2 meters. At the heights of & and 9 meters, the circumference

s

2.9 meters and the peak values are h7 and 42 amperes-per-meter, respectively.

6. HE TRANSMITTING WHIP ANTENNA

The HF transmit whips are 9.1 meters in length and are located at frame
34 on the port and starboard. The port antenna was analyzed to predict
both the short circuit current and open circuit voltage at the base. The method
used to analyrze the antenna was similar to that described for the foremast

intenna (111.4),

ih=froquency wire grid model of the antenna consisted of 18 linearly
stending 9.1 meters off the ground plane. This model was run for
to 100 MHz,  The transfer function has a simple dipole

all te. The HF transmit whips were included as part of the

" ileulated, The MFM transfer function
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for the short circuit current has the fundamental dipole quarterwave resonance
at 8 MHz. The HFM and MFM were merged between 12 to 15 MHz. The low-frequency
response of the antenna was found by integrating the electric field along the
antenna as described in Section Ill.4, The low~frequency transfer function was
merged with the MFM results over the 2 to 4 MHz range. The resultant frequency
domain spectrum with the EMPRESS field folded in is displayed in Figure 55 along
with the time domain. The short circuit current is basically a damped sine at
the quarterwave resonant frequency of the antenna and peaking at 60 A. The
response is primarily that due to the incident field since there is very little
scattered field at the port HF antenna. The open circuit voltage at the antenna's
base was calculated by multiplying the antenna impedance by the short circuit
current as a function of frequency. The open circuit voltage frequency and time
domain responses are shown in Figure 56. The voltage initially follows the
EMPRESS field which excites the antennas halfwave resonance current at 16 MHz
resulting in a high-frequency ringing superimposed upon the EMPRESS field. The
peak open circuit voltage at the base is 12.5 kV. The analysis did not consider
any nonlinear effects such as dielectric breakdown or arcing which might occur

before this voltage is reached.

The effect of measurement probe loading on the predicted voltage was
examined and found to be negligible when the probe capacitance is within
manufacturer's specifications. The high voltage measurement was done with
a Tektronix type P6015, 4OKV, 1000X probe. This probe has an input resistance
of 100 MY in parallel with 3 pF. This impedance was placed in the model and
found to reduce the voltage slightly. The voltage plotted in Fiqure 56 includes
the probe loading. The effect of probe capacitance was investigated further by
increasing the probe capacitance to 30 pF. The open circuit voltage is shown
in Figure 57. The peak voltage is reduced and much of the high-frequency
response is filtered cut. Hence, if stray capacitance significantly loaded

the probe, the voltage response would be reduced. The effect of the Singer

91550-2 current probe was discussed in Section 111.2.
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7. LORAN RECEIVER WHIP ANTENNA

The LORAN receiver whip antenna is a Designator British Type (AWN) with
length 9.1 meters located at frame 24 1/2 starboard. Both the open circuit
voltage and short circuit current at the base of this antenna were predicted.
The analysis method was identical to that already described for the foremast

receive and HF transmit antennas. J

The LORAN receiver antenna's response is dominated by the quarterwave
resonance at 8 MHz. The MFM short circuit current transfer function displays
this dipole quarterwave resonance at 8 MHz with the scattered fields from the
formast antenna and radar modifying the function slightly. This transfer
function was merged with the LFM and HFM and multiplied by the EMPRESS spectrum.

The frequency and time domains for the LORAN short circuit current are shown

in Figure 58. The frequency domain is dominated by the quarterwave resonance,
and the time domain displays this resonance behavior after initially following
the EMPRCSS field. The current peaks near 30 A and has a relatively high Q. The
high Q of this response is probably due to a cavity effect created by the

structure surrounding the antenna.

The open circuit voltage at the antenna base was determined by forming
the product of the short circuit current and the antenna impedance. The frequency
and time domains are shown in Figure 59. The voltage follows the incident
EMPRESS field with the antenna's halfwave resonance ringing at 16 MHz
superimposed upon it. The peak open circuit voltage is near 11 kV. The

analysis did not consider any nonlinear effects such as breakdown of

dielectric or arcing caused by the high voltage.
8. ACH ASTRO VHF ANTENNA

The ACH Astro antenna is a VHF EW antenna located on the lower yardarm
of the aft mast as shown in Figure 60. The fan shaped ground plane is made of

3.5 foot radial tubing of 3/8 inch outside diameter. The tapered radiating
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element, or stub, is also about 1.1 meters long and is about 10.2 centimeters wide
at its base. The axis of the radiating element is 45 degrees from the vertical
and 45 degrees starboard off the ship centerline. The antenna is connected to
equipment in the main communications office by 61 meters of 75 ohm cable. The
requirement was to predict the open circuit voltage, the short circuit current,
and the matched load current at the end of the 61 meter cable. This was done
by first modeling the antenna as a Thevenin equivalent source. Two separate
wire grid models were used to compute the stub short circuit, 'sc' and the stub
impedance, ZA'
The low-frequency model of the ACH Astro antenna is part of the aft mast
and yardarm model of Figure 26. In the frequency range of this model (0 to
30 MHz), the antenna responds as a short dipole, picking up the mast and yardarm
resonances. Above 30 MHz, a more detailed model of the antenna by itself was
developed (see Figure 61). Each of the radial arms is divided into two segments
so that the upper-frequency limit is over 100 MHz. For this high-frequency model,
the antenna is assumed to be in free space with no coupling to nearby structure.
There is, however, some shadowing of the incident field by the mast since the
antenna is on the starboard side near the shadow boundary. A hand calculation
of the electric field at the antenna location, assuming the mast is an infinite
cylinder, shows that the field is reduced to 40 percent of the incident field at
30 MHz. Also, by comparing the low-frequency antenna model short circuit
current with the high-frequency model current, a reduction of 50 percent is
required to obtain a smooth match near 30 MHz. A factor of one-half was intro-
duced, therefore, into the high-frequency model to account for mast shadowing.
The two models were merged together between 26 and 30 MHz. The high=frequency
model has a resonance at 65 MHz when the stub is nearly a quarter-wavelength

long.

The current into a matched load (75 ohms) at the antenna terminals is

given by

A sc -
oy g (7
A
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The time and spectral response of equation (17) is shown in Figure 62,
The mast and yardarm resonances at 3,2 and 10.5 MHz are clearly seen. The
antenna resonance at 65 MHz is obscured by the rapid oscillations of the EMPRESS
field. The time domain response is quite similar to the lower yardarm current.
The first 50 nanoseconds show a slight response to the antenna resonance. The
peak current is 2.8 amperes. Since the coaxial cable loss is quite low, the

matched load current of Flgure 62 also applies at the end of the 61 meter

i cable.
3
i When the cable is shorted, the Iinput impedance, Zin' at the antenna terminal
is,
i
]
i
Z, =75 tanh yL (18)
where
Y=a+j_2.__f_/% (]q)
3x10

The propagation coefficient, y, is assumed to be similar to RG-11 which

has a loss variation of [6].

a=.6 18 ST (20)

and a relative dielectric constant of ¢ = 2.3.

The current at the antenna terminals for the shorted line condition is

Ly |

A sc
P e (21)
A "in

By use of transmission line equations, the current at the shorted end Is

Zx
A sc (22)

i (Z,*75 tanh yL) cosh yL
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For the first 618 nanoseconds, the time it takes the signal reflected at
the shorted end to travel to the antenna and return, the short circuit current
is twice that of the matched load current. This is as expected since for the
first 618 nanoseconds, the source impedance at the shorted end is the characteristic
impedance of the cable. The short circuit current, shown in Figure 63, has a
peak of 5.1 amperes. After 618 nanoseconds, the signal reflected back from the
antenna appears. This reflected wave does not show the 65 MHz oscillation since
this frequency is nearly matched and absorbed (radiated) at the antenna. The
spectrum shows the large number of poles which are approximately due to the zeros

of cosh yL.

The current was also measured up in the mast at the end of about 4 meters
of cable. For the first 40 nanoseconds, the current (see Figure 64) is the same
as the end of the 61 meter cable since the antenna reflected signal is not yet
seen.  The b meter cable is shorted at the one end and is approximately open at
the antenna end for the dominant excitation frequency of 10.5 MHz. The resonant
frequency of the cable is 11.3 MHz., Therefore, the current tends to reflect back

in phase with the excitation current and builds up to a peak of 19 amperes.
When the cable is open circuited, the cable impedance at the antenna is

v - ,”) coth \L (23)

n

.

The voltage at the antenna terminal, Vin' is

T, 1.2

¥, »-getidl (24)
by * &,

A in

The open circuit voltage at the end ot the cable is obtained by dividing

equation (24) by cosh yL und using equation (23). After simplification the open

circuit voltage is given by

5
75 ZA l‘i(

i;":?ﬁﬂ"}L + 75 cosh yL

V=
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The open circuit voltage of the 6) meter cable is shown in Figure 65,
Since the source impedance is 75 ohms for the first 618 nanoseconds, the
open circuit voltage is simply 75 times the short circuit current of Figure

63. The peak value is 382 volts. Below 20 MHz, Z, >> 75 so that the spectrum

A
peaks are nearly at the zeros of sinh yL.

The open circuit voltage at the end of a 4 meter cable is displayed in
Figure 660 The cable is now approximately open at both ends so that the cable
resonant frequency is 22 MHz, As the voltage bounces back and forth between the
two open Circuits, it is nearly out of phase with the 10.5 MHz excitation. The
dominant response is, therefore, mainly due to the aft mast resonance. The

peak value is 440 volts,
9. UKR/SRA=101 ANTENNA

This antenna is a broadband conical high frequency (HF) receiving antenna

located at frame 473 port and starboard. It is connected to a receiver patch panel

in the Main Communications Office (MCO) by a 61.6 meter length of cable. The current

coupled to a matched load at the receiver patch panel in the MCO was predicted.

A wire grid model of the port and starboard UK/SRA-101 antennas were con-
structed which included nearby ship's structure (Figure 67). These antennas are
approximately 2 meters tall with top loading to increase their effective height.
The coaxial cable from the antenna to the MCO was modeled as a type RG-B using the
transmission line equation and a loss term of 0.91 dB/30.5 meters at 20 MHz., The
results for the matched load (50 ohm) current in the MCO (before the input filter)
are shown in Figures 68 and 69. The current in the port antenna is damped sinu-
soidal with o 13 MHz resonance frequency and a peak value of 18 A, This response
is driven primarily by the incident and scattered fields near the top of the
antenna.  The incident field near the antenna base is cancelled by the reflected
tield, while the ship's structure produces an enhancement of the electric field
near the top ot the antennas. These enhanced electric fields are created by the
high surtface charge densities which form along the edges and can be larger in
magnitude than the incident field. The resultant field at the antenna is thus

larger than that due to only the incident field.
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The current in the starboard antenna exhibits the interaction with the
incident field and the scattered field off the ship's edge. The current resonates
at 13 MHz with a peak value near 34 A, This current is larger than that predicted
for the port antenna because the incident field at the antenna base is not
cancelled by a reflected field. The total current is again enhanced by the large
surface charge densities which accumulate along the ship's edge. Both responses
follow the incident field excitation indicating that common modes excited in the
ship's structure are small. The matched load voltage can be found from the
current response by multiplying the current by the load impedance of 50 ohms.
Hence, the peak voltage responses would be 900 volts (port) and 1700 volts

(starboard) with resonant frequency at 13 MHz,

The current at the base of each antenna can be found by translating the
response back up the coaxial cable. The waveshape is essentially unaltered and

the peak amplitude increases to 21 A (port) and 40 A (starboard).

10. CABLES IN THE OPERATIONS ROOM

The operations room contains many mission-essential combat systems
integration equipments and their associated cabling. One large bundle of cables
runs from the gun mount to the gun console on the forward side of the operations
room. The currents obtained in the analysis of the gun mount antenna cable in
Section 111.2 were used to estimate the peak bulk cable current on a grounded

and matched load cable in the operations room.

The bulk cable current at the base of the gun mount whip antenna was trans-
lated from the gun mount to the operations room using the standard transmission line
equation. The transmission line parameters for this cable were defined in Section
11,2, The resultant short circuit and matched load currents predicted in the
operations room are shown in Figures 70 and 71. Both of these cable shield
terminations were modeled because the mode of termination wasn't known. Both
currents display frequency resonances at 19 MHz (qun mount antenna cable) and 2
MHz (transmission line). The time domain responses are shifted by the cable transit

time and have peak currents of 5.5 A for the short circuit case and 2.75 A for the

matched load circult.
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The current predicted on this cable is expected to be an upper limit
because of the many simplifications in the model. The complex loading of the
cable bundle was only included in a modification of the loss term in the trans-
mission line equation. In addition, the coupling in the gun mount was

simplified to include only the primary scatters which probably overestimates

the induced current.
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SECTION 1V
CONCLUSIONS AND RECOMMENDATIONS

1o CONCLUS IONS

Wire grid modeling techniques based on a method of moments solution have
been used to predict currents, current densities, and voltages on ten ship's
items. The results of these analyses are summarized in Table |1 where the
peak response and dominate frequency are given for each item. Details of
each analysis can be found in Section {1l., The maximum current density occurs
on the foremast (port) 5 meters up where the mast is illuminated directly by the
incident field. Maximum total current was found on the aft mast. The maximum
antenna current and voltage occur on the HF transmit whip antenna. This is
because the port antenna interacts directly with the incident EMPRESS field.

1 The other antennas were partially shielded by nearby ship's structure which
reduced the field. The port UK/SRA-101 antenna also interacts directly with

incident field, but its effective length is shorter than the HF transmit.

It is expected that these analyses overestimate the currents and voltages
induced on the Sheffield. The analytical models were by necessity simplifications
of the physical situation. When simplifying the models, it was done in a manner
which gave maximum coupling thus ignoring minor scatters, cross coupling to other
cables, shadowing, etc., which would tend to give more )loss than the simple models

predict.

The analysis did not consider nonlinear effects such as dielectric break-
down in cables or arcing. Therefore, if the high voltages predicted in some
of the antennas caused breakdown, these models would not include it. Also,
the effect of the measurement probes was not in general included in the results

because when the probe was within manufacturer's specification, the effect was

small.
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Table 1 Summary of H.M.S. Sheffield EMP Analysis Results

PEAK FREQUENCY
TASK
RESPONSE (MHZ) RAMRENT ?
AFT MAST ‘
MAST CURRENT DENSITY 26 A/M 3 |
YARDARM CURRENT 11 A 10, 3
4.5 INCH GUN MOUNT
ANTENNA CABLE
BASE CURRENT 9.5A 19
MID CURRENT 7.5A 19
TOP CURRENT 2.2A 19
UK/SRA-102 ANTENNA
! CABLE
{ CABLE CURRENT 1.8A 10
FOREMAST WIRE MF RECEIVE
ANTENNA C!JRRENT 16A 6.3 STARBOARD ANTENNA
FOREMAST SURFACE
CURRENT DENSITY L7A/M 4
HF TRANSMIT ANTENNA
CURRENT 60A 8 PORT ANTENNA
VOLTAGE 12.5KV 16
LORAN RECE|VE ANTENNA
CURRENT 30A 8
VOLTAGE 11KV 16
ACH ASTRO VHF ANTENNA
MATCHED LOAD CURRENT 2.8A 3, 10 AT END OF 200
SHORT CIRCUIT CURRENT 5.5A FOOT CABLE
OPEN CIRCUIT VOLTAGE Loov 3, 10 i
UK/SRA-101 ANTENNA
CURRENT PORT 18A 13 MATCHED LOAD CURRENT
CURRENT STARBOARD 34A 13 AT END OF 202 FOOT
CABLE BEFORE FILTER
IN MCO ‘
CABLE IN OPERATIONS ROOM 1
CURRENT SHORT CIRCUIT 5.5A 19, 2 !
CURRENT MATCHED CIRCUIT 2.75A 19, 2
|
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In conclusion, it is found that computer aided wire grid modeling techniques
can be used to predict EMP-induced currents on naval ship's structures. The
modeling technique requires the division of the problem into several submodels
in order to perform the calculations. However, sufficient detail can be

incorporated into these models to predict the major coupling.

2. RECOMMENDAT IONS

A1l analyses done in this report were performed without access to any of
the H.M.S. Sheffield test data and without participation in the test program.
Although this approach allows one to verify the adequacy of the computer aided
wire grid modeling technique, a more beneficial approach to the solution of EMP
coupling problems is to combine the analysis and test efforts. Calculated
responses to simulated EMP on past programs have often times revealed errors in

test data, caused by accidental interactions between test instrumentation and

test item, or produced during the data reduction process. When a pretest analysis
is performed on a system, the number of test points can be limited to only the
most advantageous ones. Predicted magnitude and frequency responses can be used
to select the measurement equipment, and one can identify those test points where
protection of the test or system equipment is necessary. The test data can then

be used to improve the analytical models.

When test data are compared to the pretest analysis predictions, the
analysts understanding of the interaction will be verified and/or improved so
that the system models can be corrected, if necessary. These models can then be
used with increased confidence to predict responses for items at which measure- !
ments were not made and for environments that cannot be simulated. In addition,
when the theoretical understanding of the EMP interaction with the system is

enhanced, a better test procedure can be written. Hence, it is recommended for

future ship test programs that an analytical effort be conducted in parallel
with it, and that the analysis and test activities be intimately associated for

optimum program performance.
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P 3 APPENDIX A
EMPRESS FIELD

The Electromagnetic Pulse Radiating Environment Simulator for Ships
(EMPRESS) is a subthreat level simulator capable of generating either horizontally
or vertically polarized fields. For the Sheffield test, only the vertical mode

was used.

The vertical mode of EMPRESS consists of a 30.5 meter high, 30 degree ‘
half~angle conical antenna, top loaded by the 396.2 meter long horizontal line.

(See reference 7 for a detailed system description.) The Sheffield was anchored

about 375 meters from the vertical cone as shown in Figure A-1. The EMPRESS field
was incident upon the port side of the ship at an angle of 62 degrees from the }
bow. In the absence of the ship, the time domain electric field was measured at {
' the ship anchor point, 4.27 meters above the water. The peak resonance, as shown {
in Figure A-2, is 2800 volts-per-meter. The rise time is 13 nanoseconds. The
time waveform was digitized and transformed to generate the spectrum as shown in
Figure A-2. A computer listing 6f this spectrum (real and imaginary parts) was

provided by NSWC.

At the ship anchor location, the angle between the horizon and tip of
the vertical cone is 4.5 degrees. The wavefront is far enough away from the
source that is can be approximated as a sum of two planewaves; a direct and a
water reflected wave. Since the measurement point is near the water, the reflected
vertical electric field is nearly equal to the direct wave with a 2.3 nanosecond

delay. The measured data, therefore, is approximately twice the direct wave.
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